Rytkönen KT, Renshaw GMC, Vainio PP, Ashton KJ, WilliamsPritchard G, Leder EH, Nikinmaa M. Transcriptional responses to hypoxia are enhanced by recurrent hypoxia (hypoxic preconditioning) in the epaulette shark. Physiol Genomics 44: 1090 -1097 , 2012 . First published September 18, 2012 doi:10.1152/physiolgenomics.00081.2012.-All animals require molecular oxygen for aerobic energy production, and oxygen availability has played a particularly important role in the evolution of aquatic animals. This study investigates how previous exposure to hypoxia (preconditioning) primes protective transcriptional responses in a hypoxia-tolerant vertebrate species, the epaulette shark (Hemiscyllium ocellatum). The epaulette shark is a basal cartilaginous fish that in its natural environment experiences cyclic hypoxic periods. We evaluated whether the transcription of a set of crucial prosurvival genes is affected differently by a single short-term (2 h) exposure to sublethal hypoxia compared with eight such successive hypoxia exposures (hypoxia preconditioning). We discovered that hypoxia preconditioning amplifies transcriptional responses compared with animals that experienced a single hypoxic bout. In the heart we observed that hypoxic preconditioning, but not a single hypoxic exposure, resulted in higher transcript levels of genes that regulate oxygen and energy homeostasis, including those of hypoxia-inducible factor-1 alpha, adenosine signaling pathway components, and genes affecting circulation [prostaglandin synthetase 2 (cox-2) and natriuretic peptide C]. This suggests that in a single short-term hypoxic bout, the responses to low oxygen are regulated at the level of pre-existing proteins or translational and posttranslational machinery, whereas transcriptional responses are induced in experiments that parallel the natural environmental cycles of oxygen availability. These findings have general implications for understanding how vertebrates regulate protective gene expression upon physiological stress.
hypoxia; preconditioning; transcription; vertebrates; hypoxia-inducible factor ALL ANIMALS REQUIRE MOLECULAR oxygen for aerobic energy production. Consequently animals have evolved sophisticated cellular mechanisms to monitor and respond to fluctuations in oxygen availability. Oxygen availability has played a particularly important role in shaping the physiological evolution of aquatic animals. The fully air-saturated aquatic environment contains 1/30th of the amount of oxygen to that of air, and the rate of diffusion of oxygen in water is only ϳ1/10,000 of that in air (7) . In addition, both the respiration of organisms and the decomposition of organic matter cause reduced oxygen levels (hypoxia) in isolated or confined bodies of water. Although the oceans usually have relatively constant oxygen tension, marked cyclic variations in oxygen availability occur in certain locations, for example in reef lagoons off the coast of Australia that are inhabited by a number of small teleost species and the hypoxia-and anoxia-tolerant epaulette shark (Hemiscyllium ocellatum) (35, 38, 49) .
Epaulette sharks are exceptional among marine fish species in tolerating hypoxia and even several hours of anoxia at tropical temperatures of 25-30°C with no evidence of longterm detriment of functions (49) or apoptosis (8, 34) . Epaulette sharks are found in lagoons, which are cut off from the ocean during low tides, which results in periodic nocturnal hypoxic conditions. They are cartilaginous fishes that have not had the genome-wide gene duplications characteristic of the teleost lineage (33, 48) . Consequently, the molecular components of hypoxia responses observed in sharks are more readily comparable to tetrapods than to similar pathways in teleosts that generally have extra gene paralogs, including components of hypoxia signaling pathway (40b) . Thus, the adaptations to hypoxia in the epaulette shark can give a basic picture that relates to the evolution of hypoxia responses in all vertebrates.
Adaptive responses to hypoxia and anoxia can be primed by previous exposures to sublethal levels of low oxygen (hypoxic preconditioning) in a number of species including the epaulette shark, which reduces its metabolic rate (38) and enters an adenosine-mediated phase of cerebellar shutdown in response to anoxia (36) . Hypoxic preconditioning has been studied in mammals, where hypoxia-inducible factor (HIF) and adenosine pathways are central in protective responses, and a previous experience of low oxygen confers tissue protection in subsequent hypoxic or anoxic situations (6, 9, 42) . Generally, HIF proteins are the major controllers of hypoxia-responsive gene expression (20, 25, 43) , and similarly adenosine is involved in the regulation of energy metabolism in hypoxia-and anoxia-tolerant animals (30) . Further investigation of the extent of proteomic compensatory mechanisms elicited in response to a single episode of hypoxia or anoxia compared with hypoxic and anoxic preconditioning has revealed that exposure to hypoxia had a greater effect on structural and metabolic responses than anoxia and that there was a tissue-specific upregulation of prosurvival proteins after either a single or multiple hypoxia exposures (8) .
The present investigation evaluated whether the transcription of a set of crucial prosurvival genes is affected differently by a single exposure to a short-term (2 h) sublethal hypoxia compared with eight such successive hypoxia exposures (hy-poxic preconditioning). The main focus of this investigation is on the transcription of genes involved in HIF and adenosine signaling pathways. Additionally we monitored the transcription of key mitochondrial genes [cytochrome c oxidase subunit III (cox3) and 16S mitochondrial RNA] to determine whether mitochondrial function was affected, as well as heat shock protein 70 and two other chaperone genes (cct3 and dnaja2) to give an indication how the general stress response was affected. Furthermore, the transcript levels of two genes affecting circulation were monitored: prostaglandin synthetase (cyclooxygenase-2) that regulates the levels of prostaglandins, which are major regulators of cerebellar capillary flow (46, 47) , and C-type natriuretic peptide, since the natriuretic system also may be hypoxia-responsive (for a review, see Ref. 1). We investigated the transcriptional changes in the cerebellum, heart, and gills. Tissue selection was based on earlier studies with fish, which indicate the effects of hypoxia on gill regulatory function and gill morphology (11, 29) . Furthermore, both brain and heart not only are highly aerobic but also have a high metabolic demand, so their responses to hypoxia are particularly crucial for survival.
MATERIALS AND METHODS
Fish collection, hypoxia exposures, and tissue collection. The epaulette sharks (H. ocellatum) (mean length 57 Ϯ 4.9 cm) were collected from the reef platform surrounding Heron Island Research Station, (23°27'S, 151°55=E). Ethics permits were obtained from The Griffith University (PES/04/04/AEC), and collection permits (G25214.1 and G04/12777.1) were obtained from the Great Barrier Reef Protection Authority. The sharks were held in a 1,000 l flow-through holding pool that secures full oxygenation of the water at the ambient reef conditions of 25 Ϯ 2°C and 36 0 /00 salinity for 24 -48 h prior to the start of the experiments, during which time they were not fed.
The animals were randomly assigned to the control or experimental group, and while wild-caught animals could be exposed to natural variations in oxygen tension, care was taken to use only animals caught in locations where they would not be exposed to nocturnal low tides with [O 2] that were at or below the [O2]crit. Sharks were pair-matched for sex, weight, and length before being randomly assigned to either a single episode of sublethal hypoxia at 5% of air saturation (n ϭ 10), hypoxic preconditioning (8 hypoxic insults at 12 h intervals) (n ϭ 10), or normoxic conditions as a control (n ϭ 10). The hypoxia preconditioning protocol used has been previously described (27, 38) . In brief, it consists of 2 h of hypoxia at 0.34 mg O 2/l (5% of air saturation) with nitrogen gas to displace dissolved O2. This hypoxic exposure was repeated every 12 h for 4 consecutive days. The normoxia control group was time matched with the hypoxia preconditioning group. After 2 h exposure fish from single hypoxia group, the fish from hypoxia preconditioning group (the eighth exposure) and normoxic control fish were euthanized (terminated) with benzocaine (7.5 ml of 5% benzocaine in 1 l of fresh seawater). The brain was rapidly removed and dissected followed by the removal of gills and heart. All tissues were frozen in liquid nitrogen immediately after removal and then stored at Ϫ80°C.
RNA extraction, cDNA synthesis, and sequencing. RNA extraction and cDNA synthesis were carried out as described previously (40) , including DNase treatment step (Turbo DNase; Ambion, Austin, TX). The cDNA was stored at Ϫ20°C until the sequencing PCRs, for which it was diluted 5-or 10-fold, and qPCR, for which it was diluted 40-fold for heart and cerebellum and 20-fold for gills.
Several target genes were partially de novo sequenced in the epaulette shark with universal primers. The primers (Table 1) were designed based on alignments of tetrapod (human, mouse, chicken, frog) and teleost (zebrafish, medaka, stickleback, fugu) sequences using NetPrimer (http://www.premierbiosoft.com/netprimer) to obtain a primary sequence fragment for reference genes. A "touch-down" protocol with 20 cycles of touch-down (denaturation at 94°C for 30 s, annealing for 30 s with temperature decreasing 0.5°C each cycle starting at 63°C and finishing at 53°C, extension at 72°C for 1 min) and 20 cycles of denaturation at 94°C for 30 s, annealing 30 s at 53°C, and extension at 72°C for 1 min was employed. PCR products were run on agarose gel, and bands of specific sizes were excised and extracted with a Montage DNA gel extraction kit (Millipore, Bedford, MA). If high-quality bands were not detected with the primary protocol, other annealing temperatures were used. The fragments were either sequenced directly or, when necessary, cloned with pGEM-T Easy Vector System I (Promega, Madison, WI) and sequenced after colony PCR. Sequencing was done using the ABI PRISM BigDye Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). The identities of the sequences were verified in BLAST and with alignments by hand.
Quantitative PCR. Based on the obtained sequence data, three to six primer combinations for each gene were designed with Primer3 (39) and tested, and the best primer pair was chosen as described previously (40) . Quantitative PCRs were run in the Finnish Microarray and Sequencing Centre on 7900 HT Fast Real-Time PCR System (Applied Biosystems) with Maxima SYBR Green qPCR Master Mix (2ϫ) (Fermentas, St. Leon-Rot, Germany) using a two-step protocol (initial denaturation at 95°C for 15 min, 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min) with dissociation curve analysis and all primers at 75 nM. To avoid any spatial or temporal bias resulting from pipetting and time lags in qPCR runs we divided the experimental samples to the plates so that each plate contained samples from all treatments. Samples were run in triplicate, with no-template controls/minus reverse transcriptase controls, and standard curves embedded in the block design. For PCR efficiency calculations standard curves were constructed from five point dilution series (1/10 to 1/910) from pooled cDNA. The Ct values of the nontemplate controls were generally not detectable. All experimental samples were inside the linear range of the standard curve.
The primary analysis of the qPCR reactions including the conversion of Ct values to relative quantities using standard curves was done with ABI 7900HT Version 2.3 Sequence Detection Systems (Applied Biosystems). We previously investigated the suitability of various qPCR reference genes (40) and selected the geometric average of the two best ones, elongation factor 1 beta and ubiquitin for normalizing the quantities of the targets gene mRNAs in this study. Relative quantity values were examined by analysis of variance (ANOVA) with pairwise testing of the three treatment groups. If the data for a given gene did not pass a normality test (Shapiro-Wilk), a KruskalWallis test (K-W) was employed. For the graphics the normoxic mean value for each gene was set to 1.0. Statistical analysis and graphics were done in SigmaPlot11.
RESULTS

Novel elasmobranch sequences of genes that are potentially involved in hypoxia responses.
We studied the transcript expression of 17 genes predicted to belong to: 1) oxygen signaling and metabolism; 2) adenosine signaling and metabolism; 3) stress responses and circulation (Table 1 ). For 10 of the genes examined we obtained partial sequences and these were deposited in GenBank (Table 1) . For factor inhibiting HIF␣ (fih), adenosine A1 receptor (adora1), adenosine A2 receptor (adora2), equilibrative nucleoside transporter 1 (ent1), equilibrative nucleoside transporter 2 (ent2), and prostaglandinendoperoxide synthase 2 [cyclooxygenase 2 (cox-2); ptgs2], the sequences were obtained with universal primers based on cross-vertebrate alignment. Sequences for cox3, 16S mitochon-drial RNA (16S RNA), lactate dehydrogenase B (ldh B), and C-type natriuretic peptide precursor (nppc) originated from cDNA library clones derived from cardiac muscle. For heat shock cognate 70-kDa protein (hsc70, heat shock protein 8) qPCR primers were designed directly from the alignment of vertebrate genes.
Hypoxic preconditioning increased transcription of HIF pathway genes specifically in the heart. We first explored the effects of a single hypoxic insult or hypoxic preconditioning (8 hypoxic insults at 12 h intervals) compared with normoxic controls for specified genes belonging to the HIF pathway (Fig. 1) . In the cerebellum, we found no significant changes in the level of any of the selected gene transcripts between the three different conditions (Fig. 1A) . In the heart, a single hypoxic insult did not lead to significant changes in transcription of the specified genes, but repeated hypoxia (hypoxic preconditioning) led to significant changes in the transcript level of four genes of the HIF pathway (Fig. 1B) . The eight normoxia-hypoxia cycles were associated with 1.77-fold higher hif-1 transcript level and 1.60-fold higher phd2 transcript level (normoxic controls set to ϭ 1.0). These values were significantly different from both normoxia and single hypoxia groups (hif-1, P ϭ 0.012 and 0.003; phd2, P ϭ 0.026 and 0.043). In addition to phd2, the transcript level of the other HIF hydroxylase gene, fih, was 1.44-fold higher than controls in the preconditioned hearts (but only hypoxic preconditioning vs. the single hypoxic groups were significantly different, P ϭ 0.015). The transcription of ldhB, an HIF target gene involved in anaerobic metabolism, was 0.74 compared with controls in response to single hypoxic insults and 1.18-fold higher than controls in the preconditioned hearts (single hypoxic episode vs. hypoxic preconditioning, P ϭ 0.007).
In gills the transcription of three genes of the HIF pathway were modestly lower in the preconditioning group compared with control levels (Fig. 1C) , in contrast to the pattern of higher gene transcription observed in hearts obtained from preconditioned animals. The gill hif-1 transcript level after a single hypoxic insult was 1.20-fold higher than that of normoxic controls and after repeated hypoxic preconditioning was 0.87 compared with controls (single hypoxia vs. precond. groups were significantly different, P ϭ 0,004). In response to preconditioning, the transcription of gill ldhB was 0.81 (P ϭ 
93 AGAGGAGTGAGATAAATGTGGGAAG hif1a, hypoxia-inducible factor 1␣; hif2a, hypoxia-inducible factor 2␣; phd1 (egln2), prolyl hydroxylase 1 (egg laying nine 2); phd2 (egln1), prolyl hydroxylase 2 (egg laying nine 1); fih, factor inhibiting HIF␣; cox3 (cyt), cytochrome c oxidase subunit III; 16S RNA, 16S mitochondrial RNA; ldh B, lactate dehydrogenase B; adora1, adenosine A1 receptor; adora2, adenosine A2 receptor; ent (slc29a1), equilibrative nucleoside transporter 1 (solute carrier family 29 member 1); ent2 (slc29a2), equilibrative nucleoside transporter 2 (solute carrier family 29 member 2); hsc70, heat shock cognate 70-kDa protein (hsp8); cct3, chaperonin containing TCP1, subunit 3 (gamma); dnaja2, DnaJ-like protein subfamily A member 2 (hsp40); cox2 (ptgs2), cyclooxygenase 2 (prostaglandin-endoperoxide synthase 2); nppc, natriuretic peptide precursor C. *Originate from cDNA library clones from epaulette shark hearts. †Quantitative PCR (qPCR) primers were designed directly from the alignment of vertebrate genes: ENST00000534624, ENSMUST00000015800, ENSGALT00000040933, ENSXETT00000028570, ENSDART00000099994, ENSGACT00000026630, ENSORLT00000006702, ENSTRUT00000012686. 0.019), and fih was 0.83 (P ϭ 0.054) compared with the levels in normoxic controls (set to ϭ 1.0).
Hypoxic preconditioning increased transcription of adenosine signaling pathway genes specifically in the heart. In the cerebellum, hypoxic treatments did not lead to significant changes in the transcription of genes for the two adenosine receptors (adora1, adora2) or nucleotide transporters (ent1, ent2) (Fig. 2A) . Conversely, in the heart the transcript levels of genes for all four adenosine signaling components were significantly higher specifically in the hypoxia-preconditioned group (Fig. 2B) . In the heart, the transcript levels of adenosine receptor adora1 and adora2 genes were lower (the levels 0.90 and 0.82) in response to a single bout of hypoxia than in normoxic controls (set to ϭ 1.0) but were higher after hypoxic preconditioning (1.42-fold and 1.28-fold) than in normoxic controls (single hypoxia vs. preconditioned, P ϭ 0.007 and P ϭ 0.007). Similarly, transcript levels of nucleotide transporter ent1 and ent2 genes were lower (0.83 and 0.86) in response to a single bout of hypoxia than in normoxic controls but were higher (1.29-fold and 1.41-fold) in response to hypoxia preconditioning than in normoxic controls [single hypoxia vs. preconditioning: P ϭ 0.002 (K-W) and P ϭ 0.005]. In the gills, only one of the genes associated with adenosine signaling was significantly affected; in hypoxia preconditioning the transcript level of ent2 decreased to 0.82 of normoxia (single hypoxia vs. precond. P ϭ 0.024) (Fig. 2C) .
Transcription of chaperones. The transcription of genes associated with general stress response (hsc70, cct3, and dnaja2) was only marginally affected (Fig. 3) . In the heart, the transcript levels of hsc70 in response to a single bout of hypoxia was 0.88 of that in normoxic controls and in response to hypoxic preconditioning, the transcript level was 1.28-fold higher than in normoxia (hypoxia vs. precond., P ϭ 0,015). In gills, the pattern of hsc70 change was the opposite to that of the heart; after preconditioning, the transcript level of hsc70 was 0.60 of that in normoxia [significantly different from both normoxia and single hypoxia, P ϭ 0.049 (K-W) and P ϭ 0.004, respectively]. In the cerebellum no significant transcriptional changes were detected for hsc70. For the two other general stress response genes Cct3 and dnaja2, there were no significant changes in any of the tissues studied.
Transcription of cox-2, ptgs2. The most profound transcriptional changes in this study were observed in cox-2 (ptgs2) (Fig. 3) . In both single and multiple hypoxic treatments the transcription of cox-2 strongly increased in cerebellum and heart, but its transcription in gills was unaltered. Compared with normoxic controls, in both the cerebellum and heart cox-2 transcription was higher in response to a single bout of hypoxia by 5.9-fold (P ϭ Ͻ0.001) and by 6.2-fold [P ϭ Ͻ0.001 (K-W)], respectively. In response to hypoxic preconditioning cox-2 transcription was only 3.0-fold [P ϭ Ͻ0.001 (K-W)] and 2.7-fold (P ϭ Ͻ0.001) higher compared with normoxia in the cerebellum and heart, respectively. Consequently, in both the cerebellum and the heart the transcription of cox-2 in response to hypoxic preconditioning was significantly lower than the level achieved after a single hypoxic insult [P ϭ 0.013 (K-W) and P ϭ Ͻ0.001] (Fig. 3, A and B) .
Transcription of nppc. We could not detect any nppc transcription in gills. The transcription level of nppc in the cerebellum was at the limit of detection, so that reliable analysis of different experimental conditions was not possible. In contrast, Fig. 1 . The relative mRNA expression of genes belonging to gene ontology group oxygen signaling and metabolism. A: cerebellum; B: heart; C: gills. For each gene the 3 experimental conditions are displayed from left to right in 3 box-plots: control (white, n ϭ 10), single hypoxic insult (light gray, n ϭ 10), and hypoxic preconditioning consisting of 8 2-h hypoxic insults at 12 h intervals (dark gray, n ϭ 10). The box indicates the 25/75 percentiles, whiskers the data range (n ϭ 10), and the line marks the median. hif-1, Hypoxiainducible factor-1␣; hif-2, hypoxia-inducible factor-2 alpha; phd1 (egln2), prolyl hydroxylase 1 (Egg laying nine 2); phd2 (egln1), prolyl hydroxylase 2 (Egg laying nine 1); fih, factor inhibiting HIF␣; cox3 (cyt), cytochrome c oxidase subunit III; 16Srna, 16S mitochondrial RNA; ldhB, actate dehydrogenase B. *P Ͻ 0.05, **P Ͻ 0.01. Fig. 2 . The relative mRNA expression of genes belonging to gene ontology group adenosine signaling and metabolism. A: cerebellum; B: heart; C: gills. For each gene the 3 experimental conditions are displayed from left to right in 3 box-plots: control (white, n ϭ 10), single hypoxic insult (light gray, n ϭ 10), and hypoxic preconditioning consisting of 8 2-h hypoxic insults at 12 h intervals (dark gray, n ϭ 10). The box indicates the 25/75 percentiles, whiskers the data range (n ϭ 10) and the line marks the median. adora1, Adenosine A1 receptor; adora2, adenosine A2 receptor; ent1, equilibrative nucleoside transporter 1 (solute carrier family 29 member 1); ent2, equilibrative nucleoside transporter 2 (solute carrier family 29 member 2). *P Ͻ 0.05, **P Ͻ 0.01. Fig. 3 . The relative mRNA expression of genes belonging to gene ontology groups stress responses and circulatory control. A: cerebellum; B: heart; C: gills. For each gene the 3 experimental conditions are displayed from left to right in 3 box-plots: control (white, n ϭ 10), single hypoxic insult (light gray, n ϭ 10), and hypoxic preconditioning consisting of 8 2-h hypoxic insults at 12 h intervals (dark gray, n ϭ 10). The box indicates the 25/75 percentiles, whiskers the data range (n ϭ 10) and the line marks the median. hsc70, Heat shock cognate 70-kDa protein (hsp8); cct3, chaperonin containing TCP1; subunit 3 (gamma); dnaja2, DnaJ-like protein subfamily A member 2 (hsp40); cox2, cyclooxygenase 2 (prostaglandin-endoperoxide synthase 2, ptgs2); nppc, natriuretic peptide precursor C. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. the heart nppc transcription levels were very high, and in response to a single hypoxic insult transcript levels were 0.77-fold of those in normoxia, while in response to multiple bouts of hypoxia (hypoxic preconditioning) nppc transcript levels were 1.38-fold of those in normoxia [hypoxia vs. precond. P ϭ 0.016 (K-W)] (Fig. 3B) .
DISCUSSION
The present study suggests that hypoxic preconditioning affects the transcriptional responses of several signaling pathways involved in hypoxia protection in the epaulette shark. For genes in both HIF and adenosine signaling pathways hypoxic preconditioning elicited significantly different effects from single hypoxic bouts, regardless of the differences (or lack thereof) between each condition and the normoxic controls. Also, the observation that hypoxia induces a marked increase in cox2 gene transcription in cerebellum is remarkable. Although most other transcriptional changes were relatively modest, they were often statistically significant. This is likely due to the fact that we used 10 biological replicates in every treatment, which is more than commonly reported in studies of, for example, hif␣ paralogs in nonmodel fish species (4, 37, 45) .
It is notable that in the heart the transcript levels of the genes of interest increased specifically after hypoxic preconditioning but not after a single hypoxic exposure. In our opinion, these findings may indicate that short-term responses to hypoxia may rely on the presence of existing gene products (proteins), whereas animals that experienced repeated hypoxic bouts may have responded by forming new gene products. However, while we can conclusively say that the applied short-term hypoxia did not elicit transcriptional responses during the hypoxia exposure, our experimental design does not make it possible to rule out the following: 1) A longer (or deeper) single hypoxic bout could elicit transcriptional responses, 2) transcriptional responses are so slow that they may not be detected when the samples are collected immediately after the hypoxic bout, or 3) the evaluated transcriptional responses do not occur as a result of hypoxia but occur during reoxygenation. Of these alternatives, the last is very unlikely, as the genes examined were chosen because of earlier information that they respond to hypoxia. With regard to the alternative 2, at least the transcription of cox2 responded in the timeframe of our experimental procedure, indicating that at least the transcription of some genes has adequate time to respond while the timeframe of transcription of other genes may differ.
The transcriptional changes observed in the HIF pathway require a detailed interpretation. While it has been commonly considered that HIF is only posttranslationally regulated (20, 43) , we observed that the transcript levels of several genes involved in the HIF pathway were affected by hypoxic preconditioning. Recent studies mainly on fishes (4, 24, 32) , but also on mammals experiencing hypoxia in their natural environments (44) have provided evidence that the transcription of hif genes may change in hypoxia. The present results provide a plausible explanation for such findings: when animals are naively exposed to hypoxia, their hif-1␣ transcription is not affected, but if the animals have previously experienced hypoxic bouts, then transcription is increased. Thus, it is possible that for animals encountering hypoxia regularly in their natural environment, HIF-1␣ expression is regulated both transcriptionally and posttranslationally. Posttranslational regulation of HIF␣ transcription factors is carried out by both prolyl (PHD) and asparginyl (FIH) hydroxylases (20) . PHDs modify HIF␣ by hydroxylating specific proline residues, thereby tagging HIFs for proteasomal degradation pathway (19, 28) . FIH inhibits the interaction of HIF with its transcriptional coactivators, thus decreasing its DNA binding (22, 23) . If the rate of HIF-1␣ production only remained constant, then long-term hypoxia exposure or hypoxia preconditioning would result in reduced HIF-1␣ protein level, as PHD genes are targets of transcriptional regulation by HIF and their expression is increased in hypoxia, and more HIF-1␣ protein would be tagged for degradation. Increased hif-1 transcription in the current study suggests that more HIF-1␣ protein can be formed, and thus greater PHD activity would not necessarily reduce HIF-1␣ protein signaling. Increased transcription of all these components makes increased responsiveness to a further hypoxic challenge possible. In contrast to changes in hif-1 transcript level, hif-2 transcript levels remained unchanged, showing that any transcriptional regulation of HIF system in repeated shortterm hypoxia is specific to HIF-1. Our results fit with the previous observations that HIF-1 acts as the acute hypoxia sensitive regulator and HIF-2 acts as the mediator of long-term hypoxic responses (14, 32) . The current data support the hypothesis that responses to repeated short-term hypoxia more closely resemble the HIF-1-mediated acute responses rather than HIF-2-mediated long-term responses.
In mammals it has been observed that HIF-1 participates in hypoxic preconditioning-mediated cardioprotection via adenosine signaling, specifically via the adenoreceptor 2B (9). Additionally, results from HIF knockout mice suggest that loss of HIF-1 activity leads to decreased adenosine levels and loss of the protective effect of hypoxic preconditioning (2, 42) . HIF-1 also directly regulates equilibrative nucleoside transporters (10, 26) . For these reasons, the transcription of four central adenosine signaling genes, those coding for adenosine receptors A1 and A2 and nucleotide transporters ENT1 and ENT2, were monitored. The transcriptional responses of adora1 and adora2 and their transporters ent1 and ent2 were nearly identical: the transcript levels of all four genes were increased 1.3-to 1.4-fold in hypoxia preconditioned hearts, whereas in response to a single bout of hypoxia or in other tissues, no transcript level changes were detected. The coincidence of these results with the transcript increase of hif-1 in epaulette shark hearts suggests that the central role of HIF-1 and adenosine signaling in response to hypoxic preconditioning-mediated cardioprotection in mammals (9, 42) may be a widespread cardioprotective mechanism among vertebrates.
Earlier observations in the epaulette sharks have demonstrated that elevated adenosine levels contribute to tissue protection the in brains (35) . This could be simply due to downstream metabolic effects of a mismatch between ATP use and its regeneration rather than from a transcriptional component because the transcript levels of central adenosine signaling genes remained unaltered in the cerebellum. In the gills, the transcription of hif-1␣ or genes involved in the adenosine signaling pathway were not uniformly altered, indicating that gill responses to hypoxia were not a result of altered gene transcription but rather due to changes in cellular conditions or altered translation/posttranslational processes.
Overall, the most prominent transcriptional change observed in the present study was the increase of cox2 (ptgs2) transcript levels in both the cerebellum and heart. In contrast to most other transcriptional inductions this occurred both in naively hypoxia-exposed animals and in animals exposed to several bouts of hypoxia. Recent research in mammals has demonstrated protective roles for COX2 in ischemic or hypoxic conditions in both the brain (5, 31) and heart (13, 18, 41) . Especially in the heart the upregulation of cox2 has been shown to confer protection from ischemia/reperfusion injury (13, 18, 41) . In cancer cell lines it has been shown that COX2 is a direct target gene of HIF-1 (21) . It is probable that the observed transcriptional induction is associated with increased prostaglandin synthesis via increased enzyme level and activity. Prostaglandins and COX2 are intimately involved in the regulation of circulation both in the heart and brain (3, 12, 15, 46, 47) . Furthermore, one can speculate that the major functional change associated with short-term hypoxia is increased blood flow, which would increase oxygen delivery to both cerebellar neurons and cardiomyocytes.
Hypoxia can also regulate the natriuretic peptide system in an HIF-dependent fashion (for a review, see Ref. 1). Additionally, in mammals the administration of natriuretic peptides has been observed to mimic hypoxia-preconditioning mediated cardioprotection in the ischemia/reperfusion injury model (50) . Since cartilaginous fishes have only one type of natriuretic peptide, nppc, in contrast to other vertebrates, which have three types: atrial (nppa), brain (nppb), and nppc (16, 17) , we studied how hypoxia affects the transcription of nppc. The nppc sequence we detected in epaulette shark is a homolog of the previously described shark nppcs (16, 17) . Its transcript is highly expressed in heart, at the detection limit in brain, and not detectable in gills. The transcript level increased in hypoxia preconditioned hearts, suggesting that hypoxia may regulate the natriuretic peptide system also in shark.
Finally, the analysis of transcriptional data revealed small changes that could be associated with the general stress response. Of the three chaperone genes (hsc70, dnaja2, cct3) examined for each experimental condition in all tissues, only hypoxia-preconditioned hearts had increased hsc70 transcript levels. Previously, the increase of HSP70 protein level have been detected in response to anoxia, but not to hypoxiapreconditioned epaulette shark brains (36) , fitting with the general conclusion of the present study that epaulette sharks probably do not experience a major general stress response to hypoxia alone.
Conclusions
The present study suggests that previous exposure to hypoxia (preconditioning) amplifies transcriptional responses compared with animals that experience a single hypoxic bout. In a single short-term hypoxic bout, the responses to low oxygen may rely on changes in the activities of pre-existing proteins or translational and posttranslational machinery, whereas when the experiment consists of several cycles of hypoxia and normoxia, the whole gene expression pathway (i.e., transcription ϩ translation and posttranslational processing of the gene product) responds. Because the transcriptional responses appeared enhanced by hypoxia preconditioning this hypoxia-tolerant ancestral vertebrate can be useful benchmark species in which to study the upregulation of prosurvival responses to hypoxic preconditioning.
